An algorithm based on compressive sensing (CS) is proposed for synthetic aperture radar (SAR) imaging of moving targets. The received echo is decomposed into the sum of many basis sub-signals that are generated by discretizing the target spatial domain and velocity domain and synthesizing the SAR received data for every discretized spatial position and velocity candidate. In this way, the SAR imaging problem is converted into sub-signal selection problem. Thus, in the case that moving targets are sparsely distributed in the observed scene, their positions and velocities can be reconstructed by using the CS technique. It is shown that, compared with traditional algorithms, the target image produced by the proposed algorithm has higher resolution and lower side-lobe. Moreover, multiple targets with different speeds can be imaged simultaneously, so the proposed algorithm has higher efficiency.
INTRODUCTION
As an important application of synthetic aperture radar (SAR), moving target imaging has attracted much attention in recent decades. The existing algorithms of SAR imaging of moving targets can be classified into two categories. A class of algorithms are based on the estimation of target motion parameters [1] [2] [3] [4] [5] [6] [7] [8] [9] , e.g., the Doppler frequency centroid and the Doppler rate are related to the velocities along the range and the azimuth directions, respectively. Another class of algorithms combines data reformatting with high order Doppler history analysis, i.e., the Keystone transform [10] , the second Keystone transform [11] or the Doppler Keystone transform [12] is used to correct the range cell migration of the target, and then the time-frequency analysis [20] or polynomial phase analysis [21, 22] is used to compensate the high order terms in the Doppler history. All of above algorithms convert moving target imaging problem to static target imaging problem by compensating the error induced by the target motion, and then the Range-Doppler algorithm can be used for imagery formation. Since the Range-Doppler algorithm is based on matched filtering and discrete Fourier transform (DFT), the resolution of final image is limited by the bandwidth of transmitted signal and the length of the synthetic aperture, and the high side-lobe level arises due to the window effect. Moreover, in above algorithms it is needed to deal with different targets respectively when there are multiple targets with different speeds.
Recently, the compressive sensing theory (CS) [13, 14] has been used in many areas because of its excellent performance on reconstruction of sparse signals. Consider an equation = y Φx ， where x is a k-sparse signal of length N to be determined, Φ is a M N × measurement matrix, and y is the measurement vector of length M . The CS theory states that x can be reconstructed by using
measurements if Φ obeys the restricted isometry property (RIP) [13] [14] . CS has already been applied to SAR imaging of static targets [15] [16] [17] [18] . However, the algorithms in [15] [16] [17] [18] are not suitable for SAR imaging of moving targets due to the motion-induced phase error.
In this paper, we propose an algorithm of SAR imaging of moving targets based on the CS technique. We use the matching pursuit strategy to formulate the SAR imaging problem as a basis sub-signal selection problem, where the basis sub-signals are produced by discretizing the target space (defined as four dimensional domain spanned by range and azimuth positions and range and azimuth velocities) and synthesizing the SAR data for every discretized spatial position and velocity candidate in the target space. There are two assumptions we make here. First, all targets maintain uniform motion in the observation time. Second, the discretized target space is sparse, i.e., the number of targets is much less than the size of discretized target space. By using the CS technique, the spatial positions and the velocities of the targets can be reconstructed by using a relatively small number of measurements. Compared with traditional algorithms of moving target imaging, our algorithm can achieve higher resolution and lower side-lobe with fewer measurements. Moreover, multiple targets with different speeds can be simultaneously imaged by using our algorithm and thus the algorithm efficiency can be improved obviously. 
II. CS FOR SAR MOVING TARGET IMAGING

A. Creating sub-signal candidates
The typical side-looking SAR geometry is illustrated in Fig.  1 . X -axis and Y -axis are azimuth and range directions, respectively. The radar platform flies along X -axis with constant speed v , and a target T moves with constant range speed x v and azimuth speed y v . Suppose the radar transmits a chirp signal, then the baseband echo from T is
where , ω ω are range envelope and azimuth envelope respectively, f 0 is the carrier frequency, A 0 is the complex amplitude, r K is the chirp rate of the transmitted signal, c is the speed of light, ( ) R η is the instantaneous distance from the radar to the target and it can be expressed as
where X 0 and Y 0 are range and azimuth positions of the target at 0 η = , x v and y v are the range and azimuth velocity of the target.
The target motion can be described by four parameters 1 2 , , N N P and Q are the numbers of discretized values of 0 0
, , x X Y v and y v , respectively. The bin sizes of 0 0 , , x X Y v and y v are , , r a r ρ ρ μ and a μ , respectively.
If motion parameters of a moving target match the coordinates 1 2 ( , , , ) n n p q in the target space, from (2) we can directly obtain the distance from the radar to the target: 
where s R is the distance from the radar to the first range cell in the observed scene at 0 η = . Suppose that the reflectivity of the target is 1, and then the baseband echo can be expressed as (see (1) We define (4) as the sub-signal corresponding to the coordinates 1 2 ( , , , ) n n p q . Different targets reflect different subsignals since they have different motion parameters. Thus, the SAR received echo of the observed scene can be expressed as the sum of all sub-signals: ( , , , ) a n n p q is the reflectivity of the target whose motion parameters are 1 2 ,
, and r a r a n n p q ρ ρ μ μ .
Suppose that the range and azimuth sample rates are s f and PRF respectively, the range and azimuth sample numbers are r N and a N respectively. Thus, the SAR received echo can be discretized as a r a N N × matrix, and its ( , ) m n th element is 1, 1, 1) , , , , Φa ,
where vec a and vec b are vectorizations of target space matrix and echo data matrix, whose length are 1 2 N N PQ and r a N N , respectively.
B. Imaging with Compressive Sensing
According to the CS theory [12] [13] [14] , not all the echo data (i.e, all the elements of vec b ) are needed. If vec a is a k-sparse vector (i.e, it has only k large elements), 
which can be solved by
where ε is the error threshold.
III. NUMERICAL EXAMPLES In this section, we use simulated data to verify the feasibility and effectiveness of the proposed algorithm on Matlab platform. Parameters of the SAR system are shown in Table 1 . The size of the observed scene is 15m 15m × , and the velocity in each direction is limited in (-10m/s,10m/s) . The bin of each direction is respectively 0.5m,0.5m,2m/s and 2m/s, which means 0.5m , and thus the target space matrix is a 31 31 11 11 × × × matrix, which means 1 2 31 N N = = , 11 P Q = = . Suppose that there are three targets with reflectivity 1. The first target is static, the second one is moving along range direction with speed 10m/s, and the third one is moving with range velocity 4m/s and azimuth velocity 4m/s. When 0 η = , the three target are located at positions (4m 2.5m) ， , (10m,7.5m) and (8m 11.5m) ， ,reflectivity as illustrated in Figure 2 . The radar transmits chirp signal and suppose that the range envelope and azimuth envelope of every point target are both rectangular envelope.
Firstly, the imaging result by the traditional algorithm is shown. The motion parameters of the three targets are estimated by the range cell migration correction and the high order Doppler phase compensation as done in [12] . Then the imaging result of the Range-Doppler algorithm is illustrated in Figure 3 . We can see that the image is blurred due to the poor resolution and the high side-lobe.
Then the imaging result is shown by the proposed algorithm. M=100 elements are randomly selected from the SAR echo vec b ,and then solve (10) using the CoSaMP algorithm [18] . The imaging result is illustrated in Figure 4 . Compared with Figure 3 , the resolution is significantly improved and the side-lobe is removed. Another point to note is that the traditional algorithm [12] need to estimate motion parameters of each target one by one when there are multiple targets with different speeds. Thus, the proposed algorithm is more efficient in the case of multiple targets. 
IV. CONCLUSION
This paper proposes a CS-based algorithm for SAR imaging of moving target. The received SAR echo is decomposed as the sum of many basis sub-signals that are generated by discretizing the target spatial domain and velocity domain and synthesizing the SAR received data for every discretized spatial position and velocity candidate. By using the CS technique, the correct sub-signals that contribute to the received SAR echo are selected and the projection coefficients of the SAR echo on these sub-signals are solved. The positions and reflectivities of the scatters directly represent the SAR final image, and meanwhile the velocities of the target are also obtained. Numerical examples show that, compared with traditional algorithms based on Doppler phase analysis and DFT, our algorithm can obtain better imagery quality with higher resolution and lower side-lobe. Moreover, multiple targets with different velocities can be imaged simultaneously and thus our algorithm has higher efficiency.
